INTRODUCTION
============

By the early 1990s, it had become clear that the yeast *Saccharomyces cerevisiae* was an excellent model system for understanding the molecular mechanisms of Golgi and endosomal sorting of proteins destined for the lysosome-like vacuole. It had also become clear that there were dozens and dozens of proteins involved in this complex sorting pathway and that analysis of the vacuolar protein sorting (*VPS*) genes and Vps proteins would reveal novel insight into the sorting machinery. We were still trying to grasp the sheer number of *VPS* genes and to put some order to the large collection of *vps* mutants. To this end, Christopher Raymond, a talented graduate student in the lab, set himself upon the enormous task of analyzing all the *vps* mutants by protein immunolocalization using fluorescence microscopy. He had a hunch that there were many secrets yet to be revealed based on the localization patterns of vacuolar proteins in yeast mutants with vacuolar protein localization defects. After extensive analysis of the *vps* mutants, his efforts paid off handsomely.

Leading up to our 1992 article, many articles had been published describing yeast *S. cerevisiae* mutants that either secreted vacuolar proteins (*vpl* and *vpt* mutants) ([@B6]; [@B36]; [@B34]; [@B35]) or had reduced vacuolar protease activity (*pep* mutants) ([@B18]; [@B21]). Large-scale complementation analysis revealed at least 40 genes that came to be known as *VPS*, for *v*acuolar *p*rotein *s*orting, because all of these yeast mutants were defective for the sorting of proteins to the vacuole ([@B35]). Based on light and electron microscopic analyses of vacuole morphology, Scott Emr\'s lab divided the 33 *vpt* gene groups into three distinct classes, class A, B, and C ([@B7]). Class A mutants had normal vacuole morphology (1--3 large vacuoles), class B mutants exhibited a fragmented vacuole morphology, and class C mutants exhibited extreme defects in vacuole morphology and biogenesis. In fact, class C *vps* mutants contained only small vesicular remnants of a vacuole. The phenotypic classification of the very large collection of *vps* mutants by Emr and colleagues was very important to the field because it grouped the genes encoding proteins likely to have related or common functions and thus facilitated the molecular and functional analysis of the genes that followed.

Our highly cited article in *Molecular Biology of the Cell* ([@B32]) built on these previous publications. Christopher Raymond had been perfecting his immunofluorescence microscopy technique with yeast, and having read all the previous papers on *vps* mutants, he proceeded to immunolocalize various vacuolar proteins in a subset of these mutants. He quickly noticed that there were many more than three classes of mutants and convinced himself that a large-scale analysis of the entire *vps* mutant collection was in order.

In concert with the immunolocalization, Christopher Raymond together with Isabelle Howald-Stevenson and Carol Vater carried out thorough genetic and phenotypic analyses of the *vps* mutants. This analysis identified mutants in five additional complementation groups and revealed previously undetected overlaps in mutant complementation groups, yielding a final tally of 41 distinct *vps* mutant groups. But most important to the analysis was that we immunolocalized a late-Golgi membrane reporter protein (A-ALP; the C-terminal Golgi retention region of DPAP A/Ste13 fused to the membrane and lumenal domains of alkaline phosphatase) and three vacuolar proteins (alkaline phosphatase, ALP/Pho8; Vma2, subunit of the vacuole membrane V-ATPase; and carboxypeptidase Y, CPY) in multiple representatives of each of the 41 *vps* mutant groups. This approach was important because it allowed us to see details of vacuole morphology in these mutants that were not obvious by techniques used previously. Based on this expanded phenotypic analysis the 41 *vps* mutant groups were now divided into six classes, classes A through F, with classes A, B, and C as defined previously by Emr and colleagues. Class D *vps* mutants contained a single large vacuole in mother cells, but the mutants were largely defective for segregation of the vacuole from the mother cells to budding daughter cells, and the mutants exhibited a partial vacuole acidification defect due to the loss of the peripheral ATP-catalytic portion of the V-ATPase from the membrane. Class F *vps* mutants contained a large central vacuole surrounded by a number of "class B-like" fragmented vacuole structures.

By far the major discovery reported in this article, and the reason we believe it has garnered so many citations, was the identification of the fifth class of *vps* mutant groups, the class E *vps* mutants. Many of these mutants were initially placed into class A ([@B7]) because they had generally normal looking vacuoles by light and electron microscopy. However, whereas the vacuole membranes contained the integral membrane protein ALP, the classic marker of the vacuole membrane, the class E *vps* mutants stood out from the class A members because the V-ATPase antibodies labeled a very prominent organelle (the class E compartment) distinct from the ALP-staining vacuoles ([@B32]). We scratched our heads long and hard trying to understand how the V-ATPase might be trapped in some "prevacuolar" structure, yet ALP was transported to the vacuole so efficiently. Because all the mutant alleles in a given class E *vps* gene resulted in the same phenotype and there were so many class E *vps* mutant groups, we became convinced that class E *vps* mutants were indeed blocked for transport of most vacuolar proteins at some prevacuolar, endosomal organelle and that somehow ALP transport was unaffected.

We found that soluble vacuolar proteases were also localized to the class E compartment, suggesting that some vacuolar proteins (V-ATPase, CPY, proteinase A, and proteinase B) in transit through this organelle became trapped and could not progress to the vacuole. We were probably most surprised and delighted to discover that the late-Golgi membrane reporter protein A-ALP also accumulated in this class E compartment. In the early 1990s, our lab was also investigating the retention of late-Golgi membrane proteins (such as DPAP A/Ste13), and one model being considered was retention by recycling between the Golgi and endosomal compartments. Based on this very early analysis of the class E *vps* mutants, we quickly recognized that it was likely that the late-Golgi membrane proteins that we were studying were indeed transported to the endosome and then cycled back to the late-Golgi compartment under the control of some as yet unidentified Vps proteins.

Christopher Raymond\'s double-labeling immunofluorescence studies revealed that A-ALP, CPY, and the V-ATPase all colocalized to these same class E structures. In addition, in our neighbor lab at the University of Oregon, George Sprague and his colleagues had just identified an allele of the class E *vps* mutant *vps2* in a screen for receptor endocytosis mutants, and these *vps2/ren1* mutants accumulated the **a**-factor receptor Ste3 in the same class E compartment ([@B14]). Together, these data revealed that recycling Golgi membrane proteins, endocytosed plasma membrane proteins, and newly synthesized vacuolar proteins all passed through a common prevacuolar endosomal-like compartment and that loss of function of any of the 13 class E *VPS* genes resulted in the accumulation of all these proteins in the class E compartment.

These 13 genes have since been shown to be required for the formation of intralumenal vesicles (ILVs) at the multivesicular body (MVB) and for the sorting of cargo into these ILVs. Temperature-sensitive alleles of the class E *VPS27* gene were found to rapidly accumulate endocytosed proteins (Ste3) and Golgi membrane proteins (the CPY sorting receptor Vps10) in the class E compartment upon shift to the restrictive temperature, and upon shift back to the permissive temperature Ste3 was transported to the vacuole and Vps10 was transported back to the Golgi puncta ([@B29]). A year later, the Emr lab published a detailed report on the class E *vps* mutant *vps28* that also displayed this perivacuolar compartment that accumulated cargo and showed a dramatically altered multilamellar morphology by electron microscopy ([@B33]). These two reports together with the [@B32] paper defined the class E compartment.

One of the more serendipitous aspects of this study ([@B32]) was in the choice of the two vacuolar membrane proteins to immunolocalize in the *vps* mutants, ALP and the V-ATPase. Christopher Raymond chose these proteins partly because we had generated antibodies to these proteins that allowed clear visualization by indirect immunofluorescence, and our lab had developed a strong interest in the biogenesis of the multisubunit V-ATPase. Whereas the V-ATPase accumulated in the class E compartment, ALP was very efficiently transported to the vacuole. We considered two models to explain these observations (see [figure 9](#F1){ref-type="fig"} from [@B32]); the first hypothesized that ALP was transported on a pathway distinct from that used by the V-ATPase and soluble vacuolar proteins such as CPY, proteinase A, and proteinase B, with this "CPY pathway" intersecting the endocytic pathway at the class E compartment. An alternative model suggested that all of these proteins followed the same pathway to the vacuole, but for unknown reasons only ALP was transported efficiently through the class E compartment in class E *vps* mutants. Therefore, the [@B32] article laid the groundwork for contemporaneous articles some 5 years later from our lab as well as the labs of Scott Emr, Gregory Payne, and Sandra Lemmon demonstrating that the ALP and CPY pathways were in fact distinct ([@B13]; [@B28]; [@B43]) and that the CPY pathway merged with the endocytic pathway before the vacuole.

![Two models for the formation of the new compartment in class E *vps* mutants. (A) Proteins bound for the vacuole in wild-type cells are normally packaged into at least two separate classes of transport vesicles that subsequently fuse with the vacuole. In class E *vps* mutants, these pathways fail to merge. In addition, late-Golgi proteins such as A-ALP enter the pathway defined by CPY as a consequence of the class E *vps* mutation. (B) Proteins bound for the vacuole in wild-type cells normally pass through a prevacuolar endosome-like compartment. Late-Golgi proteins are hypothesized to cycle between the late-Golgi compartment and the prevacuole. In class E *vps* mutants, most protein traffic (an exception being ALP) from the putative endosome-like organelle either to the vacuole or back to the late Golgi is restricted, leading to morphological exaggeration of the organelle. The steady-state resident proteins for each compartment are shown in parentheses.](zmk0211096340001){#F1}

Eighteen years later, it is clear that the ALP and CPY pathways are distinct ([@B10]) as suggested in part A of the figure. The 1997 studies from the Emr, Payne, and Lemmon labs further demonstrated that the adaptor protein-3 complex functioned in the cargo-selective transport of ALP from the Golgi complex directly to the vacuole ([@B13]; [@B43]).

When we assembled the [@B32] manuscript, we decided that *Molecular Biology of the Cell* was the perfect journal for what we believed was a groundbreaking but data-intensive manuscript. The editors of this brand-new journal professed the need in the field for a journal that reported important molecular and cellular research yet did not limit the data that could be presented to make the authors\' points. This philosophy appealed to us and therefore we chose this bold new journal for our manuscript.

In the years following the discovery of the class E Vps group of proteins, they became the focus of studies designed to understand the mechanism of class E compartment formation and protein sorting through the CPY pathway. Another set of classic studies in the field came in 1997 and 1998 with the description of the ATPase Vps4, a class E Vps protein, and its role in endosomal protein sorting by Scott Emr and his colleagues ([@B4], [@B5]). Later studies explored the connections between the class E Vps proteins and showed that they form four complexes termed endosomal sorting complex required for transport (ESCRT)-0, ESCRT-I, ESCRT-II, and ESCRT-III and that these complexes form oligomeric "sorting machines" on the endosomal membrane that are required for cargo sorting in yeast ([@B22], [@B23]; [@B2],[@B3]; [@B8]; [@B9]) and are functionally conserved in mammals ([@B1]). Incidentally, the fact that the ESCRT complexes are composed of the class E Vps proteins is a good example of serendipity. Our identification of the class E grouping preceded the first report of ESCRT complexes (where the E stands for "endosomal") by almost 10 years and the "E" in class E was merely to reflect one of the six classes of *vps* mutants (A--F) reported in 1992 and was not a prescient knowledge by us of the subsequent naming of the ESCRT complexes. Defining the interactions between the class E Vps proteins was the beginning of an explosion of activity in this field. Over the last decade, work from many labs has significantly advanced our understanding of the mechanism of cargo sorting and recognition at the MVB, the structure of the ESCRT complexes, the precise mode of ESCRT interactions, and the role of ubiquitin in cargo sorting.

Recently, several very important steps have been taken to understand the exact mechanism of ILV formation, membrane deformation, and vesicle scission by the ESCRT complexes. The formation and budding of ILVs into the MVB is unique in that the vesicles form and bud away from the cytoplasm with cargo included but ESCRTs excluded from the ILV. Several studies showed that ESCRT-III subunits form filaments both in vitro and when overexpressed in vivo and that these filaments can bend membranes ([@B16]; [@B17]; [@B24]; [@B39]). Most impressively, in vitro assays have been developed very recently as tools to molecularly dissect the role of ESCRTs in ILV formation ([@B46]; [@B49]; [@B45]; [@B48]). Together, these tools give the field an unprecedented look into the molecular mechanism of ILV formation and have led to new models to explain how the ESCRT complexes drive ILV formation in all eukaryotic cells.

Another very exciting aspect to this field that was unexpected by us at the time came from labs studying the life cycle of human immunodeficiency virus (HIV) type I and other retroviruses. These groups discovered that the HIV virus hijacks the ESCRT machinery to bud from infected cells as part of its normal life cycle ([@B15]; [@B26]). Wes Sundquist and his colleagues also defined the components and interactions of the human homologues of the yeast class E Vps proteins that make up the human ESCRT network ([@B47]). Studying human homologues of the yeast ESCRT complexes has made significant contributions to our understanding of ESCRT function, the interactions between ESCRTs and viral proteins, and the consequences of these interactions for both host cells and viruses in vivo.

In addition to the well-defined function of ESCRTs at endosomes, some of these proteins also have been implicated in such diverse processes as control of chromatin structure, cell cycle control, modification of RNA polymerase activity, and tumor suppression in mammalian cells ([@B41]) as well as pH signaling in yeast ([@B9]). Several groups have also demonstrated an intriguing role for ESCRTs in cytokinesis in mammalian cells ([@B11]; [@B27]) and *Arabidopsis* ([@B42]). Another incredible finding is that Vps4 and the ESCRTIII proteins are conserved in Archaebacteria where they interact and play a role in cell division ([@B25]; [@B40]). Not surprisingly, the human homologues of the yeast class E Vps proteins are involved in many diseases, including cancer and neurodegeneration ([@B37]; [@B44]). These findings all highlight the importance of the class E Vps proteins in multiple biological processes in multiple systems throughout evolution, and they go far beyond anything we had imagined when we first defined the class E compartment in yeast almost 20 years ago.

Interested readers are encouraged to consult some of the many excellent reviews that have recently been published on this topic ([@B10]; [@B30]; [@B38]; [@B19]; [@B12]; [@B31]; [@B20]). It has been enormously gratifying to watch what began as an ambitious effort by a young graduate student to characterize *vps* mutants evolve into such a large field with such important and timely issues for cell biology and human disease.
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